ABSTRACT Avian coccidiosis is a disease caused by intestinal protozoa in the genus Eimeria. Clinical signs of coccidiosis include intestinal lesions and reduced feed efficiency and BW gain. This growth reduction may be due to changes in expression of digestive enzymes and nutrient transporters in the intestine. The objective of this study was to examine the differential expression of digestive enzymes, transporters of amino acids, peptides, sugars, and minerals, and an antimicrobial peptide in the small intestine of Eimeria acervulina-infected broilers and layers. Uninfected broilers and layers, in general, expressed these genes at comparable levels. Some differences included 3-fold and 2-fold greater expression of the peptide transporter PepT1 and the antimicrobial peptide LEAP2 (liver expressed antimicrobial peptide 2), respectively, in the jejunum of layers compared with broilers and 17-fold greater expression of LEAP2 in the duodenum of broilers compared with layers. In the duodenum of Eimeria-infected broilers and layers, there was downregulation of aminopepti-
INTRODUCTION
Avian coccidiosis is a major disease of poultry and is caused by the intestinal protozoa Eimeria (Conway and McKenzie, 2007) . The disease is characterized by presence of intestinal lesions and destruction of the intestinal epithelia, leading to reduction in feed efficiency and BW gain and increased mortality. Coccidiosis is responsible for the loss of billions of dollars in the poultry industry worldwide (Dalloul et al., 2007) . The 3 most important Eimeria species for poultry are Eimeria acervulina, Eimeria maxima, and Eimeria tenella, which have different sites of infection in the intestinal tract. Eimeria acervulina, E. maxima, and E. tenella mainly infect the duodenum, jejunum, and ceca, respectively (Lillehoj and Trout, 1996) .
The small intestine is the major site for nutrient absorption in birds and mammals. Free amino acids, short peptides, and monosaccharides are absorbed by the enterocytes by specific transporters located at the brush border membrane and exported from the cell via transporters at the basolateral membrane (Broer, 2008; Fotiadis et al., 2013) . The final digestion of protein and polysaccharides is catalyzed by membrane-bound peptidases and glucosidases, respectively. At the brush border membrane, the digestive enzyme aminopeptidase N (APN) cleaves amino acids from the N terminus of peptides and sucrase-isomaltase (SI) cleaves sucrose and isomaltose to generate glucose and fructose. These amino acids and monosaccharides are transported by members of the solute carrier (SLC) gene family (Hediger et al., 2004) . At the brush border membrane, the sodium glucose cotransporter SGLT1 (SLC5A1) is re-dase N; sucrase-isomaltase; the neutral, cationic, and anionic amino acid transporters b o,+ AT/rBAT, B o AT, CAT2, and EAAT3; the sugar transporter GLUT2; the zinc transporter ZnT1; and LEAP2. In the jejunum of infected layers there was downregulation of many of the same genes as in the duodenum plus downregulation of PepT1, b o,+ AT/rBAT, and the y + L system amino acid transporters y + LAT1 and y + LAT2. In the ileum of infected layers there was downregulation of CAT2, y + LAT1, the L type amino acid transporter LAT1, and the sugar transporter GLUT1, and upregulation of APN, PepT1, the sodium glucose transporter SGLT4, and LEAP2. In E. acervulina-infected broilers, there were no gene expression changes in the jejunum and ileum. These changes in intestinal digestive enzyme and nutrient transporter gene expression may result in a decrease in the efficiency of protein digestion, uptake of important amino acids and sugars, and disruption of mineral balance that may affect intestinal cell metabolism and Eimeria replication.
sponsible for the active transport of glucose from the intestine, whereas SGLT4 (SLC5A9) transports glucose, fructose, and mannose (Wright, 2013) . The facilitated transporter GLUT5 (SLC2A5) transports fructose at the brush border membrane and the facilitated transporter GLUT2 (SLC2A2) exports glucose, fructose, galactose, and mannose at the basolateral membrane (Mueckler and Thorens, 2013) . Amino acids can be transported as small peptides or free amino acids. Diand tripeptides are transported across the brush border membrane by the proton-dependent, peptide transporter PepT1 (SLC15A1; Gilbert et al., 2008; Smith et al., 2013) . Transport of free amino acids is mediated by SLC family members with specificity for anionic, cationic, or neutral amino acids. The SLC1 family of transporters includes the excitatory amino acid transporter EAAT3 (SLC1A1), which transports anionic amino acids such as glutamate and aspartate across the brush border membrane, and the neutral amino acid transporter ASCT1 (SLC1A4), which transports alanine, serine, cysteine, and threonine at the basolateral membrane . The EAAT3 is especially important because it transports glutamate, which is the main energy source for intestinal epithelial cells. Members of the SLC7 family include the cationic amino acid transporters CAT1 (SLC7A1) and CAT2 (SLC7A2), the system L transporter LAT1 (SLC7A5), the system y + L transporters y + LAT1 (SLC7A7) and y + LAT2 (SLC7A6), and the system b o,+ heteromeric transporter rBAT/b o,+ AT (SLC3A1/SLC7A9; Fotiadis et al., 2013) . The SLC6 family includes the neutral amino acid transporter B o AT (SLC6A19; Pramod et al., 2013) . Together these nutrient transporters mediate the influx and efflux of amino acids, peptides, and monosaccharides in intestinal epithelial cells.
The growth depression in Eimeria-challenged chickens may be due to changes in expression of these digestive enzymes and nutrient transporters in the small intestine. In a previous study of E. maxima-challenged broilers, the brush border membrane amino acid transporters b o,+ AT and EAAT3, and the basolateral membrane zinc transporter ZnT1 (SLC30A1) were downregulated to 20, 40, and 44%, respectively, of control in the jejunum, whereas the basolateral amino acid transporters ASCT1 and LAT1 were upregulated 12-fold and 19-fold, respectively. In addition the antimicrobial peptide LEAP2 (liver expressed antimicrobial peptide 2) was downregulated to 5% of control (Casterlow et al., 2011; Paris and Wong, 2013) . Chicken LEAP2 is a 40 amino acid peptide with antimicrobial activity that is part of the innate immune system, which is upregulated during a Salmonella infection (Townes et al., 2004 (Townes et al., , 2009 ), but downregulated during an Eimeria infection (Paris and Wong, 2013) . A model that describes the cellular events that occur during an E. maxima infection has been developed. Briefly, the model proposes that following invasion of intestinal cells, E. maxima causes a downregulation of LEAP2. In response the cell changes expression of amino acid transporters that would reduce the intracellular pool of essential amino acids and the energy source (glutamate) and lead to inhibition of Eimeria replication and possibly cell death.
Layer and broiler chickens have been genetically selected for generations for increased egg production or rapid growth, respectively (Koenen et al., 2002; Yuan et al., 2009) . As a consequence of the selection, these 2 types of chickens demonstrate striking differences in food intake, BW gain, and body composition caused by genetic differences. In general, layers have lower food and protein intake (Shariatmadari and Forbes, 1993; Hocking et al., 1997) and BW gain (Swennen et al., 2007) compared with broilers. Upon Eimeria challenge, the changes in expression of digestive enzymes and nutrient transporters in the small intestine may differ between layers and broilers. The objective of this study was to compare changes in nutrient transporter and digestive enzyme gene expression in different sections of the small intestine of layers and broilers challenged with E. acervulina.
MATERIALS AND METHODS

Eimeria Infection and Tissue Sampling
This study was approved by the Beltsville Research Center Animal Care and Use Committee and conducted at the Animal Parasitic Diseases Laboratory (USDA Agricultural Research Service, Beltsville, MD). Chickens used in this study were Sexsal layer males (Moyers Hatchery, Quakertown, PA), and Ross Heritage broiler males (Longeneckers Hatchery, Elizabethtown, PA). One-day-old chicks were transported to the USDA-ARS facility and were orally gavaged at 21 d of age with 1 mL of E. acervulina oocysts (USDA isolate #12) at 200,000 oocysts/bird or not gavaged (control). Six days postchallenge, chickens were euthanized by cervical dislocation and intestinal segments were collected. The duodenum, jejunum, and ileum samples were collected from Sexsal layers (n = 5) and Ross Heritage broilers (n = 6). The duodenal sample was the ascending loop, the jejunal sample was a 5-cm segment 7.5 to 10 cm proximal of Meckel's diverticulum, and the ileal sample was a 5-cm segment 7.5 to 10 cm distal of Meckel's diverticulum. The contents of the intestine were squeezed out and the tissue segments were immediately stored individually in RNAlater (Life Technologies, Carlsbad, CA).
RNA Extraction and Quantitative Real-Time PCR
The tissue sample was removed from RNAlater and minced. A 20-to 30-mg sample of tissue was homogenized in TriReagent (Molecular Research Center Inc., Cincinnati, OH) and total RNA was extracted following the manufacturer's instructions. Quantity and purity of RNA were determined using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Pittsburgh, PA) and RNA quality was assessed by agarose-formaldehyde gel electrophoresis. The cDNA was synthesized from total RNA using the high-capacity cDNA reverse-transcription kit (Applied Biosystems, Foster City, CA). Gene expression from cDNA was analyzed by real-time PCR using the ∆∆Ct relative quantification method with β-actin as an endogenous gene. A summary of the genes, their function and forward and reverse primers used for PCR are shown in Table 1 . Average gene expression relative to the endogenous control for each sample was calculated using the 2 −∆∆Ct method described by Livak and Schmittgen (2001) . The average ∆Ct of the control samples was used to calculate the ∆∆Ct value, which was performed separately for each intestinal segment. Eimeria treatment and each gene are a group. Data points that exceeded ± 3 SD from the mean were removed as outliers.
Statistical Analysis
All data were analyzed by one-way ANOVA using JMP Statistical Discovery Software from SAS (SAS Institute Inc., Cary, NC). Layers and broilers were analyzed separately. The model included the main effects of treatment, sorted by genes. Significance level was set at P < 0.05 compared with the control.
RESULTS
Relative Intestinal Gene Expression Between Broilers and Layers
Relative gene expression of digestive enzymes, nutrient transporters, and an antimicrobial peptide in the duodenum, jejunum, and ileum of broilers and layers is shown in Table 2 . For most genes, there was comparable gene expression in layers and broilers; however, there were some differences. In the duodenum, LEAP2 was expressed 17-fold greater in broilers than layers, but in the jejunum was expressed 1.8-fold greater in layers than broilers. Other genes that were expressed greater in layers than broilers were the cationic amino acid transporter CAT2 in the jejunum and ileum, the peptide transporter PepT1 and SI in the jejunum, and y + LAT1 in the ileum. Genes with greater expression in broilers than layers were the sugar transporters GLUT1 in the jejunum and SGLT4 in the ileum.
Gene Expression Changes in E. acervulinaChallenged Layers
Changes in expression of digestive enzymes, nutrient transporters, and an antimicrobial peptide in E. acervulina-challenged layers are shown in Table 3 . The genes showed either no changes or various combinations of down-or upregulation in the 3 intestinal segments.
For amino acid uptake, expression of the heteromeric cationic and neutral amino acid transporter b o,+ AT/ rBAT, the neutral amino acid transporter B o AT and the anionic amino acid transporter EAAT3 was decreased to 35/27, 19, and 18% of control, respectively, in the duodenum and to 50/48, 46, and 38% of control, respectively, in the jejunum. At the basolateral membrane, the cationic amino acid transporter CAT2 was decreased to 54, 61, and 73% of control in the duodenum, jejunum, and ileum, respectively. The branched chain and aromatic amino acid transporter LAT1 was decreased to 63% of control in the ileum. Expression of the cationic and neutral amino acid transporters y + LAT1 was decreased to 68, 56, and 68% of control in the duodenum, jejunum, and ileum, respectively, and y + LAT2 was decreased to 70% of control in the jejunum. Aminopeptidase N was decreased to 44% of control in the duodenum and increased 1.5-fold in the ileum. The peptide transporter PepT1 was decreased to 65% and increased 2-fold in jejunum and ileum, respectively.
Expression of genes related to sugar uptake also showed variable patterns of expression in the different intestinal segments. Sucrase isomaltase and the basolateral transporter GLUT2 were decreased to 55 and 40% of control, respectively, in the duodenum and 61 and 27% of control, respectively, in the jejunum. In the ileum, the facilitated transporter GLUT1 was decreased to 86% of control, whereas the glucose/mannose transporter SGLT4 was upregulated 1.9-fold. There were no changes in gene expression in any of the 3 intestinal segments for GLUT5 and SGLT1.
The zinc transporter ZnT1 was decreased to 50 and 67% of control in the duodenum and jejunum, respectively, in E. acervulina-challenged layers. The antimicrobial peptide LEAP2 was reduced to 15 and 59% of control in the duodenum and jejunum, respectively, but increased 2.4-fold in the ileum.
Gene Expression Changes in E. acervulinaChallenged Broilers
In contrast to layers, changes in expression of digestive enzymes, nutrient transporters, and an antimicrobial peptide were restricted to the duodenum in E. acervulina-challenged broilers (Table 4 ). In the duodenum, expression of the amino acid transporters b o,+ AT/rBAT, B o AT, EAAT3, and CAT2 were decreased to 24/25, 31, 25, and 56% of control, respectively. The digestive enzymes APN and SI were decreased to 46 and 27% of control, respectively. The facilitated sugar transporters GLUT2 and GLUT5 were decreased to 11 and 36% of control, respectively. The zinc transporter ZnT1 was decreased to 43% and the antimicrobial peptide LEAP2 was decreased to 6% of control. The other genes examined (PepT1, ASCT1, CAT1, LAT1, y + LAT1, y + LAT2, GLUT1, SGLT1, and SGLT4) showed no changes in gene expression in the duodenum and no genes showed changes in gene expression in the jejunum and ileum. Primer designed by Casterlow et al., 2011. 4 Renamed from SGLT5 to SGLT4 in Gilbert et al., 2007. 5 Primer designed by Paris and Wong, 2013. AT = Na + -independent and Na + -dependent neutral amino acid transporter, respectively; rBAT = protein related to b o,+ AT; EAAT3 = excitatory amino acid transporter 3; ASCT1 = alanine, serine, cysteine, and threonine transporter; CAT1 and CAT2 = cationic amino acid transporter-1 and -2, respectively; LAT1 = L type amino acid transporter-1; y + LAT1 and y + LAT2 = y + L amino acid transporter-1 and -2, respectively; PepT1 = peptide transporter-1; APN = aminopeptidase N; SI = sucrase isomaltase; GLUT1, GLUT2, and GLUT5 = glucose transporter-1, -2, and -5, respectively; SGLT1 and SGLT4 = sodium glucose transporter-1 and -4, respectively; ZnT1 = zinc transporter-1; LEAP2 = liver-expressed antimicrobial peptide-2. *Indicates layer is significantly different from broiler at P < 0.05. and Na + -dependent neutral amino acid transporter, respectively; rBAT = protein related to b o,+ AT; EAAT3 = excitatory amino acid transporter 3; ASCT1 = alanine, serine, cysteine, and threonine transporter; CAT1 and CAT2 = cationic amino acid transporter-1 and -2, respectively; LAT1 = L type amino acid transporter-1; y + LAT1 and y + LAT2 = y + L amino acid transporter-1 and -2, respectively; PepT1 = peptide transporter-1; APN = aminopeptidase N; SI = sucrase isomaltase; GLUT1, GLUT2, and GLUT5 = glucose transporter-1, -2, and -5, respectively; SGLT1 and SGLT4 = sodium glucose transporter-1 and -4, respectively; ZnT1 = zinc transporter-1; LEAP2 = liver-expressed antimicrobial peptide-2. *Indicates E.ace was significantly different from control at P < 0.05. and Na + -dependent neutral amino acid transporter, respectively; rBAT = protein related to b o,+ AT; EAAT3 = excitatory amino acid transporter 3; ASCT1 = alanine, serine, cysteine and threonine transporter; CAT1 and CAT2 = cationic amino acid transporter-1 and -2, respectively; LAT1 = L type amino acid transporter-1; y + LAT1 and y + LAT2 = y + L amino acid transporter-1 and -2, respectively; PepT1 = peptide transporter-1; APN = aminopeptidase N; SI = sucrase isomaltase; GLUT1, GLUT2, and GLUT5 = glucose transporter-1, -2, and -5, respectively; SGLT1 and SGLT4 = sodium glucose transporter-1 and -4, respectively; ZnT1 = zinc transporter-1; LEAP2 = Liver-expressed antimicrobial peptide-2. *Indicates E.ace was significantly different from control at P < 0.05.
Summaries of the changes in gene expression in the duodenum, jejunum, and ileum of E. acervulina-challenged broilers and layers are shown in Figures 1 and 2 AT, EAAT3, CAT2, SI, GLUT2, ZnT1, and LEAP2) that are downregulated in both layers and broilers (Figure 1) . The magnitude of the downregulation in layers and broilers was comparable. These results demonstrate that intestinal epithelial cells in the duodenum of both layers and broilers respond in a similar manner to an E. acervulina challenge. For jejunum and ileum, however, there is a striking difference in gene expression between layers and broilers. In layers, several genes showed up or downregulation, whereas in broilers no genes showed changes in expression. In the jejunum of layers, 10 genes that were downregulated in the duodenum were also downregulated in the jejunum (y + LAT1, b o,+ AT/ rBAT, B o AT, EAAT3, CAT2, SI, GLUT2, ZnT1, and LEAP2) . The APN was downregulated in the duodenum but not the jejunum and y + LAT2 and PepT1 were downregulated in the jejunum but not in the duodenum. In the ileum, 4 genes were downregulated (CAT2, LAT1, y + LAT1, GLUT1) and 4 genes were upregulated (APN, PepT1, SGLT4, LEAP2) . Only the basolateral amino acid transporter y + LAT1 was downregulated in all 3 segments of the small intestine of layers.
DISCUSSION
Broilers and layers have been intensively selected for many generations for rapid growth or high egg production, respectively, which may have altered the physiology of the gut and expression of intestinal genes. The early phase growth rate for broilers is about 4 times as fast as layers (Griffin and Goddard, 1994; Zheng et al., 2009) . The difference in BW gain in layers and broilers may result from physiological differences at the molecular level in the intestine. Our results show that E. acervulina infection results in changes in gene expression in the duodenum, jejunum, and ileum of layers but just the duodenum of broilers. Thus in broilers, changes are restricted to the target site (duodenum) for E. acervulina, in contrast to layers. By regulating the expression of enzymes and nutrient transporters, layers might be better able to manage an E. acervulina infection.
The molecular basis for these differences in profiles of gene expression between broiler and layer is unknown. One possibility may be due to differential synthesis and secretion of mucins by intestinal epithelial cells. Tierney et al. (2007) showed that mucin can inhibit E. tenella invasion into enterocytes. Thus a greater number of goblet cells or mucin production in the jejunum and ileum of broilers could inhibit E. acervulina invasion of enterocytes, which would prevent changes in gene expression. A second possibility is that whatever cellular protein or signal that E. acervulina utilizes to target intestinal epithelia is present throughout the small intestine of layers but has been downregulated or masked in the jejunum and ileum of broilers. In this way the jejunum and ileum of broilers would be less susceptible to invasion by Eimeria and the resultant changes in gene expression.
In this study we observed that several nutrient transporters (b o,+ AT/rBAT, B o AT, EAAT3, CAT2, GLUT2, and ZnT1), digestive enzymes (APN and SI), and an antimicrobial peptide LEAP2 were downregulated in the duodenum of E. acervulina-infected broil- AT = Na + -independent and Na + -dependent neutral amino acid transporter, respectively; rBAT = protein related to b o,+ AT; EAAT3 = excitatory amino acid transporter 3; CAT2 = cationic amino acid transporter-2; LAT1 = L type amino acid transporter-1; y + LAT1 and y + LAT2 = y + L amino acid transporter-1 and -2; SI = sucrase isomaltase; GLUT1 and GLUT2 = glucose transporter-1 and -2, respectively; Pept1 = peptide transporter-1; SGLT4 = sodium glucose transporter-4; ZNT1 = zinc transporter-1; LEAP2 = liver-expressed antimicrobial peptide-2; ↓ = downregulation; ↑ = upregulation.
ers and layers. Brush border membrane transporters such as b o,+ AT/rBAT, B o AT, and EAAT3 regulate free amino acid uptake from the intestinal lumen to the epithelial cells. Downregulation of these genes would result in reduced influx of essential amino acids into infected cells. In particular, decreased expression of EAAT3 would result in a depletion of the energy source glutamate to the intestinal cells (Fan et al., 2004; Iwanaga et al., 2005) . The zinc transporter ZnT1 is located at the basolateral membrane of enterocytes and functions in efflux of Zn 2+ out of the cell (Tako et al., 2005) . Expression of ZnT1 is important to protect the cell against accumulation of intracellular zinc and zinc toxicity (Nolte et al., 2004) . However, maintaining a pool of intracellular zinc is important because zinc, as an antioxidant, can also protect the host against E. acervulina-induced oxidative damage (Georgieva et al., 2011) . Thus, decreased expression of ZnT1 can promote zinc toxicity and programmed cell death, reduce the oxidative damage caused by Eimeria, or both.
Downregulation of digestive enzymes located at the brush border membrane, such as APN and SI, which generate free amino acids and sugars, would result in a reduced supply of these nutrients to intestinal epithelial cells. Aminopeptidase N cleaves amino acids from the amino-terminus of peptides, whereas sucrase-isomaltase hydrolyzes sucrose and isomaltose to monosaccharides (Van Beers et al., 1995) . Decreased expression of APN and SI can lead to less efficient digestion of proteins and polysaccharides and absorption of amino acids and monosaccharides. A reduced intracellular pool of monosaccharides may lead to the downregulation of the basolateral membrane sugar transporter GLUT2, which transports glucose, galactose, and fructose out of the cell. This would result in a reduced flow of nutrients to other tissues and be a reason for the observed weight gain depression.
The antimicrobial peptide LEAP2 may play a role in modulating an Eimeria infection. In both layers and broilers, LEAP2 expression is decreased in the duodenum, which is the primary target site of E. acervulina. Layers also showed downregulation of LEAP2 in the jejunum. Interestingly, there was an upregulation of LEAP2 in the ileum in layers, which may be a compensatory mechanism for the low LEAP2 expression in the upper part of the intestine. LEAP2 was not the only gene that showed downregulation in the proximal part of the small intestine and upregulation in the distal segment (ileum). The peptide transporter PepT1 and aminopeptidase APN showed this same compensatory gene regulation in layers.
Previously we reported changes in gene expression in the jejunum of E. maxima-infected chickens (Paris and Wong, 2013) . The transporters b o,+ AT, EAAT3, and ZnT1 and the antimicrobial peptide LEAP2 were downregulated in the jejunum of E. maxima-challenged broilers, which is the same as the results found in this study for the duodenum of E. acervulina-challenged broilers and layers. There were, however, Eimeria species-specific differences. In this study, E. acervulina-challenged broilers and layers showed downregulation of the digestive enzymes APN and SI, the cationic amino acid transporter CAT2 and the glucose transporter GLUT2. In contrast, there was upregulation of the basolateral membrane amino acid transporters ASCT1 and LAT1 in the jejunum of E. maxima-challenged broilers (Paris and Wong, 2013) .
There are 2 potential explanations for the mechanism that governs these changes in gene expression following Eimeria infection. One possibility is that Eimeria infection directly inhibits gene expression; alternatively, it is a cell-mediated response to the infection. We hypothesize that it is the latter possibility. Based on the results from E. maxima-challenged broilers, we developed a model for the cellular events that occur during E. maxima infection (Paris and Wong, 2013) . Briefly this model proposes that upon invasion of the epithelial cell, Eimeria causes downregulation of the antimicrobial peptide LEAP2. In response to repression of a component of the innate immune system, there is downregulation of brush border membrane transporters, such as b o,+ AT and EAAT3, which would result in reduced uptake of some essential amino acids and glutamate, the main energy source. This would lead to a depletion of intracellular nutrients that could inhibit replication of the protozoa or even cause cell death. There is also downregulation of the basolateral zinc transporter, ZnT1, which could result in an increase in the intracellular concentration of zinc. This elevated zinc concentration could lead to zinc toxicity and represent another mechanism for promoting cell death, be a mechanism for maintaining antioxidant activity to counteract the production of Eimeria-induced free radicals, or both. Downregulation of these 4 genes (LEAP2, b o,+ AT, EAAT3, and ZnT1) in the duodenum of E. acervulina-infected broilers and layers fits this general model and may be revealing a general mechanism for cellular response to Eimeria infection.
